The 3-untranslated regions (3-UTRs) of the three RNAs of alfalfa mosaic virus (AMV) contain a specific binding site for coat protein (CP) and act as a promoter for minus-strand RNA synthesis by the purified AMV RNA-dependent RNA polymerase (RdRp) in an in vitro assay. Binding of CP to the viral RNAs is required to initiate infection. The sequence of the 3-terminal 39 nucleotides of AMV RNA 3 can be folded into two stemloop structures flanked by three single-stranded AUGC sequences and represents a CP binding site. Mutations in this sequence that are known to interfere with CP binding in vitro were introduced into an infectious clone of RNA 3, and mutant RNA transcripts were used as templates in the in vitro RdRp assay and to infect protoplasts and plants. Mutation of AUGC motif 2 or disruption of the stem of the 3-proximal hairpin 1 interfered with CP binding in vitro but not with minus-strand promoter activity in vitro or replication of RNA 3 in vivo. However, hairpin 1 appeared to be essential for encapsidation of RNA 3. Reversion of three G-C base pairs in hairpin 1 had no effect on CP binding but interfered with minus-strand promoter activity in vitro and with RNA 3 replication in vivo. It is concluded that the viral RdRp and CP recognize different elements in the 3-UTRs of AMV RNAs. Moreover, several mutations that interfered with CP binding in vitro interfered with the accumulation in vivo of RNA 4, the subgenomic messenger for CP, but not with the accumulation of RNA 3.
Alfalfa mosaic virus (AMV) is classified within the alphavirus-like supergroup III of positive-strand RNA viruses. Members of this group are characterized by genomes that encode methyltransferases, presumably involved in the capping of viral RNAs, superfamily I RNA helicases, and RNA-dependent RNA polymerases (RdRp) (4) . AMV belongs to the Bromoviridae and has a tripartite genome. RNAs 1 and 2 encode the subunits of the viral replicase, P1 and P2, respectively. P1 contains capping and helicase domains, and P2 contains the polymerase domain. RNA 3 encodes the movement protein and the capsid protein (CP), which is translated from a subgenomic RNA 4 colinear with the 3Ј-terminal 881 nucleotides (nt) of RNA 3.
AMV and the related ilarviruses are distinct among the Bromoviridae in that they require CP to initiate infection ("genome activation") and lack a tRNA-like structure at the 3Ј terminus of their RNAs. The 3Ј-terminal 145 nt of AMV RNAs 1 through 3 show a sequence similarity of 80%, and despite the nucleotide differences, all termini can be folded into a similar secondary structure consisting of a number of stem-loop structures interspersed with single-stranded AUGC motifs (10) . This is illustrated in Fig. 1A for the 3Ј-untranslated region (3Ј-UTR) of RNA 3. Previously, it was demonstrated that the 3Ј-UTR of RNA 3 contains a minimum of two independent CP-binding sites, site 1 being located within the 3Ј-terminal 145 nt homologous to RNAs 1 and 2 and site 2 being located in a region largely unique to RNA 3 (25) . The hairpins and AUGC motifs have been identified as structural and sequence determinants for specific high-affinity CP binding in vitro (8, 9, 25, 27) . Interactions between AMV RNAs and CP have been implicated in genome activation (29) , RNA stability (19) , RNA replication (3, 22) , a switch from minus-strand RNA synthesis to plus-strand RNA synthesis (18, 32, 33) , cellto-cell spread (34) , and RNA encapsidation (10) .
Partially purified RdRp preparations have been obtained for a number of positive-sense RNA viruses and have been used to identify 3Ј-terminal sequences involved in template recognition by these polymerases (1a, 5) . A template-dependent RdRp that specifically recognizes AMV RNAs can be isolated from AMVinfected tobacco and was shown to contain P1, P2, CP, and several unidentified host components (22) . It was found that the 3Ј-UTR of RNA 3 contains all elements necessary for efficient recognition in vitro of this template RNA by the purified RdRp preparation. The 3Ј-terminal 145 nt of RNA 3, homologous to RNAs 1 and 2, appeared to be sufficient for a low level of minusstrand synthesis in vitro and viral RNA accumulation in vivo. Extension of this core promoter with the sequence of nt 145 to 165 from the 3Ј end was found to be required for wild-type (wt) levels of minus-strand RNA 3 synthesis by the RdRp in vitro and wt levels of RNA 3 accumulation in vivo (39) .
Previously, we showed that a number of mutations in RNA transcripts corresponding to the 3Ј-terminal 39 nt of RNA 3 interfered with CP binding to these transcripts (27) . In the present work we have introduced several of these mutations in an infectious clone of RNA 3, and the template activity of the mutant RNA 3 molecules was studied in the in vitro RdRp assay. In addition, transgenic tobacco plants transformed with the AMV P1 and P2 genes (P12 plants) and protoplasts from these plants were inoculated with the RNA 3 mutants in order to analyze accumulation of RNAs 3 and 4 in vivo. The results support the notion that CP and RdRp recognize different elements in the 3Ј-UTR of RNA 3. Surprisingly, some of the mutations strongly reduced RNA 4 accumulation in P12 pro-protoplasts by centrifugation. The protoplast pellet was resuspended in 200 l of 0.01 M NaH 2 PO 4 -1 mM EDTA (pH 7.0) and incubated for 20 min at room temperature to degrade the nonencapsidated RNAs. Upon centrifugation, 20 l of the supernatant was electrophoresed in a 0.8% agarose gel and virions were visualized by Northern blot hybridization using the DIG-labeled pT71-301-HindIII riboprobe. Virions were isolated from inoculated leaf tissue 4 days postinoculation as described previously (40) . RNA extracted from these virus particles was analyzed by electrophoresis in 1% agarose gels and Northern blot hybridization using the DIG-labeled pT71-301-HindIII riboprobe. Bands on Northern and Western blots were quantified with a Bio-Gene video system and software.
RESULTS
Mutations introduced in the 3-UTR of RNA 3. Figure 1A shows the predicted secondary structure of the 3Ј-UTR of RNA 3, with seven stem-loop structures interspersed with five AUGC motifs and one UUGC motif. By band shift assays the 3Ј-terminal fragment of 39 nt (Fig. 1B) was shown to contain a specific binding site for CP (8, 27) . From 5Ј to 3Ј end, this fragment contains AUGC motif 3, stem-loop structure 2 (SL-2), AUGC motif 2, stem-loop structure 1 (SL-1), and AUGC motif 1. With the exception of mutant 3K⌬13, the mutations shown in Fig. 1B have been introduced previously in this 39-nt fragment and their effects on CP binding have been assayed (27) . As summarized in Table 1 , the RNA fragments with mutations 3KSL2-1, 3KSL2-2, 3KSL1-7, 3KSL1-9, and 3K2A4 did not show significant binding of CP, whereas fragments with mutations 3KSL2-3, 3KSL1-4, and 3KSL1-8 showed wt levels of CP binding (27) . In the present study these mutations were introduced in a full-length infectious clone of RNA 3 with a KpnI restriction site engineered immediately downstream of the CP gene (clone 3Kpn). In addition, mutant 3K⌬13 was made with the 3Ј-terminal 13 nt of the full-length RNA 3 deleted. Mutations 3KSL2-1, 3KSL2-2, and 3KSL2-3 affect SL-2, mutation 3K2A4 affects AUGC motif 2, and mutations 3KSL1-4, 3KSL1-7, 3KSL1-8, and 3KSL1-9 affect SL-1, whereas mutation 3K⌬13 precisely deletes SL-1 and AUGC motif 1. To further analyze the role of SL-1, SL-2, and AUGC motifs 1 and 2 in AMV replication, mutant RNA 3 molecules shown in Fig. 1B were used as templates for the AMV RdRp in vitro and were used to inoculate P12 tobacco protoplasts and plants.
Recognition of 3-UTR mutants by AMV RdRp in vitro. To identify sequences and structural elements in the 3Ј-UTR of AMV RNA 3 involved in AMV RdRp recognition, the mutants shown in Fig. 1B were tested for their template activity towards purified RdRp in vitro. Labeled minus-strand RNAs synthesized by RdRp programmed with the various mutants are shown in Fig. 2 . Without addition of template RNA, no product is synthesized (Fig. 2, lane 1) . The 3Kpn transcript is copied by the RdRp into full-length minus-strand RNA (Fig. 2 , lanes 2 and 12) and has a template activity similar to that of wt RNA 3 (data not shown). The bands in the autoradiogram were quantified in order to compare the template activity of the mutants to that of 3Kpn, which was taken as 100%. Data from duplicate experiments varied by about 10% and were averaged. Mutation of U 32 A 33 to AU in mutant 3KSL2-1 or A 18 U 19 to UA in mutant 3KSL2-2 disrupted base pairing of SL-2 and reduced template activity of RNA 3 for the RdRp to approximately 10% (Fig. 2, lane 3) and 25% (Fig. 2, lane 4) of the wt, respectively. When these two mutations were combined in mutant 3KSL2-3, base pairing of SL-2 was restored and the template activity increased to about 90% of the wt (Fig. 2, lane  5) . Apparently, it is the secondary structure of SL-2 that is important for RdRp recognition of RNA 3, rather than the AUGC motif in the stem of SL-2 at the positions of nt 30 to 33 (see Fig. 1 ). This motif is changed into UAGC in mutants 3KSL2-1 and 3KSL2-3.
Partial disruption of the base pairing in the stem of SL-1 by the C 12 -to-G mutation in mutant 3KSL1-4 had no significant effect on template activity of the RNA in the RdRp assay (Fig.  2 , lane 6), and complete disruption of this base pairing by changing C 11 C 12 C 13 to GGG in mutant 3KSL1-7 reduced template activity only marginally, to 70% of the wt (Fig. 2, lane 7) . In mutant 3KSL1-8, the mutations in 3KSL1-7 were complemented by changing G 5 G 6 G 7 into CCC and base pairing was restored. However, the template activity of mutant 3KSL1-8 in the RdRp assay dropped to a level that was about 15% of the wt (Fig. 2, lane 8 ). This indicates that it is the primary sequence of nt 5, 6, and 7 that is important for recognition of the RNA by the RdRp, rather than the primary sequence of nt 11, 12, and 13 or the secondary structure of SL-1. In mutant 3KSL1-9, the three G-C base pairs of SL-1 are replaced by A-U base pairs. The observation that template activity of this mutant in the RdRp assay is about 55% of the wt (Fig. 2, lane 9) indicates that although G residues at positions 5, 6, and 7 are required for wt levels of RdRp recognition, U residues are preferred by the RdRp at these positions over C residues.
Previously, we have shown that a 3Ј deletion of 11 nt strongly reduced the template activity of the 3Ј-UTR of RNA 3 in the RdRp assay (39) . It could be that the 3Ј-terminal residues C 12 C 13 of this mutant interfered with a potential ability of AUGC motif 2 to take over the function of the deleted AUGC motif 1. To test this possibility, mutant 3K⌬13 was made with a 3Ј terminus corresponding to AUGC motif 2. However, this mutant showed a very low activity in the RdRp assay (Fig. 2 , lane 10).
AUGC motif 2 is extremely well conserved among AMV and the related ilaviruses, and mutation of this motif into AAAA abolished CP binding to the 3Ј 39-nt fragment of AMV RNA 3 in vitro (8, 9, 25, 27) . Interestingly, mutation of the sequence of this motif into AAAA in mutant 3K2A4 had no effect on the template activity of the transcript in the RdRp assay (Fig. 2 , lane 11), indicating that this motif is not involved in RdRp recognition in vitro.
Replication of 3-UTR mutants in P12 protoplasts. Fig. 1 . Accumulation of plus-strand RNA (A) and minus-strand RNA (B) was monitored by Northern blot analysis using strand-specific riboprobes. The following inoculum RNAs were used: mock infection (lanes 1), 3Kpn (lanes 2), 3KSL2-1 (lanes 3), 3KSL2-2 (lanes 4), 3KSL2-3 (lanes 5), 3KSL1-4 (lanes 6), 3KSL1-7 (lanes 7), 3KSL1-8 (lanes 8), 3KSL1-9 (lanes 9), 3K⌬13 (lanes 10), 3K2A4 (lanes 11), 3KSL2-1 plus 5 g of CP (lanes 12), 3KSL1-7 plus 5 g of CP (lanes 13), and 3KSL1-8 plus 5 g of CP (lanes 14). Lanes "v" were loaded with RNA 3 and 4 extracted from virions, lanes "Ϫ" were loaded with minus-strand RNA 3 transcripts, and lanes "ϩ" were loaded with plus-strand RNA 3 transcripts. The positions of plus-strand RNAs 3 and 4 (A) and minus-strand RNA 3 (B) are indicated in the right margin. Fig. 3 and is similar to that of wt RNA 3 (38) . In addition to full-length plus-and minus-strand RNA 3, the accumulation of a number of smaller RNAs can be observed. The major band migrating slightly faster than RNA 3 has been reported to be a specific degradation product of RNA 3 called RNA 3Ј (24) . The band migrating ahead of minus-strand RNA 3 may represent a degradation product of minus-strand RNA 3, although a possible replication of RNA 3Ј cannot be ruled out. In quantifying the accumulation of plus-strand and minus-strand RNA 3, the bands of RNA 3 and RNA 3Ј were taken together. Figure 3B shows that three different levels of mutant minusstrand RNA 3 accumulation could be distinguished: a wt level for mutants 3KSL2-3 (lane 5), 3KSL1-4 (lane 6), 3KSL1-7 (lane 7), and 3K2A4 (lane 11); a slightly reduced level for mutants 3KSL2-1 (lane 3) and 3KSL2-2 (lane 4); and a level reduced to less than 10% of the wt for mutants 3KSL1-8 (lane 8), 3KSL1-9 (lane 9), and 3K⌬13 (lane 10). The low level of minus-strand RNA 3 accumulation induced by the last three mutants was paralleled by a similarly low level of plus-strand RNA accumulation (Fig. 3A, lanes 8 through 10) . It was confirmed that in the progeny of mutant 3K⌬13, the deleted sequence was not restored by a possible recombination with viral transcripts expressed from a nuclear transgene.
Accumulation of plus-strand RNAs 3 and 4 by mutants 3KSL2-3 and 3KSL1-4 (Fig. 3A, lanes 5 and 6) was indistinguishable from that of the wt (Fig. 3A, lane 2) . Plus-strand RNA 3 accumulation by the other mutants was at wt levels (mutants 3KSL2-1 and 3K2A4) (Fig. 3A, lanes 3 and 11) or slightly reduced (mutants 3KSL2-2 and 3KSL1-7) (Fig. 3A,  lanes 4 and 7) . However, accumulation of plus-strand RNA 4 by these mutants was strongly reduced. Induction of RNA 4 accumulation by mutant 3KSL2-1 was just detectable (Fig. 3A,  lane 3) , but RNA 4 accumulation by mutants 3KSL2-2, 3KSL1-7, and 3K2A4 was below the level detectable by Northern blot hybridization (Fig. 3A, lanes 4, 7, and 11) .
We have shown that modification of the 5Ј end of AMV RNA 3 can render the infection of P12 plants dependent on CP in the inoculum (36) . To investigate whether mutations near the 3Ј end of the RNA resulted in a CP-dependent infection, P12 protoplasts were inoculated with transcripts 3KSL2-1, 3KSL1-7, and 3KSL1-8 to which CP had been added (Fig. 3, lanes 12 through 14) . However, addition of CP to the inoculum did not affect the infectivity of these mutants (compare lanes 12, 13, and 14 of Fig. 3 with lanes 3, 7, and 8,  respectively) .
AMV CP is believed to be involved in several steps in viral RNA replication. To see if a possible defect in subgenomic RNA 4 synthesis resulted in a reduced accumulation of CP, the P12 protoplasts infected with the mutants were subjected to Western blot analysis using an antiserum to AMV CP. The samples loaded in lanes 1 through 13 of the Western blot shown in Fig. 4 correspond to those analyzed in lanes 2 through 14 of Fig. 3 , respectively. Mutants 3KSL2-3 and 3KSL1-4 accumulated wt levels of RNA 4 (Fig. 3A, lanes 5 and 6) and wt levels of CP (Fig. 4, lanes 4 and 5) . Mutants 3KSL1-8, 3KSL1-9, and 3K⌬13 were defective in both plus-and minus-strand RNA synthesis (Fig. 3, lanes 8 through 10) , and CP accumulation by these mutants was less than 10% of the wt (Fig. 4,  lanes 7 through 9) . Apparently, these mutants induce the accumulation of minor amounts of subgenomic CP mRNA that were below the level of detection in Fig. 3A . The remaining mutants were primarily defective in RNA 4 accumulation, but the low levels of RNA 4 produced by these mutants were sufficient to permit CP accumulation at levels around 50% of that of the wt (Fig. 4, lanes 2, 3, 6, and 10) . Addition of CP to the inoculum of mutants 3KSL2-1, 3KSL1-7, and 3KSL1-8 did not affect CP accumulation by these mutants (compare lanes 11, 12, and 13 with lanes 2, 6, and 7 of Fig. 4, respectively) .
As several of the mutations affect CP binding to the 3Ј end of RNA 3 in vitro, they could interfere with encapsidation of the RNA in vivo. Encapsidation of the mutant RNAs was investigated by subjecting homogenates of infected protoplasts to Northern blot analysis (Fig. 5) . Upon homogenization of the protoplasts, nonencapsidated RNAs are degraded and encapsidated RNAs comigrate with purified virions (34) . In agarose gels the virions produced in wt infected P12 protoplasts (Fig. 5 , lane 2) migrate much slower than purified AMV RNAs 3 and 4 (Fig. 5, lane 12) . The samples analyzed in lanes 1 through 11 of Fig. 5 correspond to those analyzed in lanes 1 through 11 of Fig. 3 , respectively. Mutants 3KSL2-3 and 3KSL1-4 showed no defect in the accumulation of RNA (Fig. 3, lanes 5 and 6) or CP (Fig. 4, lanes 4 and 5) and produced virions at wt levels (Fig. 5, lanes 5 and 6) . Mutants 3KSL1-8, 3KSL1-9, and 3K⌬13 are defective in plus-and minus-strand RNA accumulation (Fig. 3, lanes 8 through 10) and CP accumulation (Fig. 4 , lanes 7 through 9) and produced few if any virions (Fig. 5, lanes 8  through 10) . A faint band of virions was detectable for mutant 3KSL1-8 (Fig. 5, lane 8) and after a longer exposure of the blot for mutant 3K⌬13 (Fig. 5, lane 10) , but no signal was detectable for mutant 3KSL1-9 (Fig. 5, lane 9) . Mutants 3KSL2-1, 3KSL2-2, 3KSL1-7, and 3K2A4 are primarily defective in RNA 4 accumulation (Fig. 3, lanes 3, 4, 7 , and 11) but produce substantial amounts of CP (Fig. 4, lanes 2, 3, 6 , and 10). Three of these mutants, 3KSL2-1, 3KSL2-2, and 3K2A4, accumulated substantial amounts of virions (Fig. 5, lanes 3, 4, and 11 ) but mutant 3KSL1-7 was largely defective in the accumulation of virions (Fig. 5, lane 7) .
Replication of 3-UTR mutants in P12 plants. The effect of mutations in the 3Ј-terminal CP-binding site of RNA 3 on cell-to-cell spread of the RNAs was studied by inoculation of P12 plants with the mutant RNA 3 transcripts. Figure 6 shows a Northern blot analysis of the accumulation of the mutants in P12 plants. RNA was isolated from purified virus particles extracted from the inoculated leaves. The samples in lanes 1 through 11 of Fig. 6 correspond to those in lanes 1 through 11, respectively, of Fig. 3 and 5 . Accumulation of encapsidated wt RNAs 3 and 4 in P12 plants is shown in Fig. 6 , lane 2. Similar to their behavior in protoplasts, the accumulation of mutants 3KSL2-3 and 3KSL1-4 in P12 plants was indistinguishable from that of the wt (Fig. 6, lanes 5 and 6) . Mutants 3KSL2-1 and 3KSL2-2 induced wt levels of RNA 3 accumulation, but accumulation of RNA 4 was slightly reduced (Fig. 6, lanes 3  and 4) . Mutants 3K⌬13 and 3K2A4 accumulated virions with levels of RNAs 3 and 4 that were both reduced compared to the wt (Fig. 6, lanes 10 and 11) . Virus particles isolated from plants inoculated with mutants 3KSL1-7, 3KSL1-8, and 3KSL1-9 contained very small amounts of RNA 3 and an RNA 3-specific degradation product (34), but no RNA 4 was detectable in these preparations (Fig. 6, lanes 7 through 9) .
DISCUSSION
In previous studies, 3Ј-terminal sequences of plant viral RNAs that are sufficient for minus-strand promoter activity in an in vitro RdRp assay have been characterized for brome mosaic virus (BMV), turnip yellow mosaic virus (TYMV), turnip crinkle virus (TCV), and AMV. For BMV RNAs a 3Ј-terminal sequence of 134 nt containing the tRNA-like structure was found to direct minus-strand RNA synthesis by the purified BMV RdRp (15) . A 3Ј fragment of 28 nt comprising the amino acid acceptor stem of the tRNA-like structure of TYMV RNA was specifically copied into a minus strand by the viral RdRp in vitro (28) . A sequence of the 3Ј-terminal 29 nt of TCV satellite RNA C could function as an independent promoter for minus-strand synthesis in an in vitro assay with TCV RdRp. The secondary structure of a small hairpin in this 29-nt fragment was important for promoter activity, whereas the primary sequence and size of the loop were not (30) . We have shown previously that the 3Ј-terminal 145 nt that are homologous in the three AMV RNAs act as a core promoter for minus-strand RNA synthesis with a relatively low level of activity. Upstream sequences of the 3Ј-UTRs that are unique in the three AMV RNAs are required as enhancers to obtain wt levels of promoter activity (38, 39) . In addition to elements required for RdRp recognition, the 3Ј-UTRs of AMV RNAs contain specific binding sites for CP. The finding that disruption of the CP gene has no effect on minus-strand RNA synthesis in vivo (32, 34) and the observation that a CP-free RdRp is able to transcribe RNA 3 in vitro (3) indicate that CP is not required for initiation of minus-strand RNA synthesis. Recently, it was proposed that binding of CP to the 3Ј end of AMV RNAs stabilizes a conformation of the RNA that positions the 3Ј-terminal nucleotide of the template in the correct orientation for accurate initiation of minus-strand RNA synthesis by an upstream bound replicase complex. Disruption of CP binding would result in synthesis of minus-strand RNAs with improper 5Ј termini (9) . The goal of our present study was to dissect elements in the 3Ј-UTR of AMV RNA 3 involved in AMV RdRp recognition and CP binding.
The results presented in Fig. 2 through 6 are summarized in Table 1 . A comparison of the template activity of the mutant RNA 3 molecules in the in vitro RdRp assay and the ability of these mutants to induce minus-strand RNA 3 accumulation in P12 protoplasts shows a good correlation. Thus, the mutations may affect minus-strand RNA synthesis in vitro and in vivo in 
a From left to right, the columns represent the relative levels of binding of CP to the 3Ј 39 nt of RNA 3 in vitro; template activity of RNA 3 in the in vitro RdRp assay; accumulation in P12 protoplasts of minus-strand RNA 3, plus-strand RNA 3, plus-strand RNA 4, CP, and virions; and accumulation in P12 plants of RNA 3 and RNA 4 encapsidated in virions (VRNA3 and VRNA4, respectively). The RNAs used in the in vitro assays or as inoculum are shown in Fig. 1 . Approximate accumulation levels: ϩϩϩϩ, 76 to 100% (wt); ϩϩϩ, 51 to 75%; ϩϩ, 26 to 50%; ϩ, 1 to 25%; Ϫ, not detectable. ND, not done. similar ways. However, there is no correlation between effects of the mutations on CP binding to the RNA in vitro and template activity of the RNA for minus-strand synthesis. For instance, disruption of the stem of SL-1 in mutant 3KSL1-7 abolished binding of CP to the 3Ј 39 nt of RNA 3 but had little effect on template activity in vitro and no effect on minusstrand RNA accumulation in vivo. Analysis of the plus-strand RNA 3 resulting from infection with 3KSL1-7 confirmed that the mutation was stably maintained in the progeny (data not shown). Apparently, Watson-Crick base pairing in the stem of the 3Ј-proximate hairpin in RNA 3 is not essential for RNA 3 replication. However, it is probably required for other steps in the replication cycle, as discussed later. Similar to mutant 3KSL1-7, mutation of AUGC motif 2 in mutant 3K2A4 abolished CP binding to the 3Ј 39 nt of RNA 3 in vitro but had no effect on minus-strand RNA synthesis in vitro or in vivo. On the other hand, reversion of the three G-C base pairs in the stem of SL-1 in mutant 3KSL1-8 had no effect on CP binding in vitro but severely reduced minus-strand RNA 3 accumulation in vitro and in vivo. Particularly, comparison of the results with mutants 3KSL1-7, 3KSL1-8, and 3KSL1-9 suggests an important role of the primary sequence of nt 5, 6, and 7 for minus-strand promoter activity. The low level of minus-strand synthesis obtained with mutant 3K⌬13 could be due to the deletion of this sequence and/or deletion of AUGC motif 1. Together, these observations indicate that AMV RdRp and CP recognize different elements in the 3Ј-UTR of RNA 3. A common element in these two types of recognitions could be represented by the stem of SL-2. Mutations that weaken the stem of this stem-loop structure (3KSL2-1 and 3KSL2-2) interfere with CP binding in vitro and reduce minus-strand production in vitro and in vivo, whereas compensatory mutations (3KSL2-3) restore both activities.
Analysis of the replication of the mutants in P12 protoplasts revealed at least three different phenotypes. Phenotype 1 is represented by mutants 3KSL2-3 and 3KSL1-4, which showed wt behavior in most of the assays. Previously, we showed that the five AUGC motifs flanking the hairpins in the 3Ј-UTR of RNA 3 are important for CP binding but the AUGC motif in the stem of SL-2 is not (25, 27) . The results with mutant 3KSL2-3 demonstrate that the AUGC motif at positions 30 to 33 in Fig. 1A has no detectable role in other steps of the replication cycle.
Phenotype 2 is represented by mutants 3KSL1-8, 3KSL1-9, and 3K⌬13. These mutants showed a reduced synthesis of minus-strand RNA in the RdRp assay and a reduced accumulation of minus-strand RNAs, plus-strand RNAs, CP, and virions in P12 protoplasts. The low levels of accumulation of plus-strand RNA, CP, and virions could be the consequence of a defect in minus-strand RNA synthesis. These mutants underline the importance of nt 5, 6, and 7 and possibly nt 1 through 4 at the 3Ј end of RNA 3 for minus-strand promoter activity.
Phenotype 3 is represented by mutants 3KSL2-1, 3KSL2-2, 3KSL1-7, and 3K2A4. These mutants are all defective in the in vitro CP binding assay (27) , show variable levels of minusstrand promoter activity in vitro and in vivo, and show near-wt levels of plus-strand RNA 3 accumulation in vivo. Most interestingly, however, plus-strand RNA 4 accumulation induced by these mutants in P12 protoplasts is greatly reduced, ranging from less than 10% of the wt (3KSL2-1) to undetectable levels (3KSL2-2, 3KSL1-7, and 3K2A4). The observation that these mutants do induce the accumulation of substantial amounts of CP in protoplasts indicates that small amounts of RNA 4 are produced by these mutants. We have reported earlier that such small amounts of RNA 4 can give rise to near-wt levels of CP (26, 34) . The ratio between the accumulation of plus-strand RNA 3 by mutants 3KSL2-1, 3KSL2-2, and 3K2A4 in protoplasts (Fig. 3A, lanes 3, 4, and 11 ) and plus-strand RNA accumulation by the wt (Fig. 3A, lane 2) parallels the ratio between the accumulation of virions induced by these mutants (Fig. 5, lanes 3, 4, and 11 ) and the wt (Fig. 5, lane 2) . This indicates that the mutants are not defective in encapsidation. However, plus-strand accumulation by mutant 3KSL1-7 (Fig.  3A, lane 7) is similar to that of the other mutants of phenotype 3, but this mutant is poorly encapsidated (Fig. 5, lane 7) . This suggests that disruption of the stem of SL-1 in this mutant interferes with both RNA 4 accumulation and encapsidation, whereas weakening of the stem of SL-2 (mutants 3KSL2-1 and 3KSL2-2) or mutation of AUGC motif 2 (mutant 3K2A4) affects RNA 4 accumulation only. The 3Ј-UTR of RNA 3 has been shown to contain multiple CP binding sites (8, 25) , and cooperative interactions between CP molecules may compensate for a defect in binding of CP to the 3Ј 39 nt of RNA 3 in the encapsidation of mutants 3KSL1-2, 3KSL2-2, and 3K2A4. The results obtained with mutant 3KSL1-7 represent the first evidence that binding of CP to the 3Ј termini of AMV RNAs not only plays a regulatory role in RNA synthesis but also has a function in encapsidation of the RNAs. A defect in encapsidation of mutant 3KSL1-7 could also explain its poor cell-tocell spread in P12 plants (Fig. 6, lane 7) .
In AMV particle preparations, two RNA 4 molecules are encapsidated by 132 CP subunits into a top component a particle whereas one RNA 3 molecule is encapsidated by 150 CP subunits into a top component b particle (10) . Although RNAs 3 and 4 of each mutant contain the same mutations in the 3Ј-UTR, such a mutation could selectively affect the encapsidation of mutant RNA 4 or the stability of mutant top component a particles. However, we do not favor this possibility to explain the defect in RNA 4 accumulation of the phenotype 3 mutants. In studies on the replication of RNA 3 mutants with modified CP genes, we did not observe a correlation between plus-strand RNA accumulation and encapsidation, suggesting that encapsidation is not an important factor in determining AMV RNA stability in protoplasts (26, 34) . Moreover, the results obtained with infection of P12 plants clearly show that RNA 4 of mutants 3KSL2-1, 3KSL2-2, and 3K2A4 can be encapsidated (Fig. 6, lanes 3, 4, and 11) .
Another possibility is that the defect in CP binding of the phenotype 3 mutants is correlated with a defect in RNA 4 synthesis. It has been shown that CP strongly promotes RNA 4 synthesis by the RdRp in vitro on a minus-strand RNA 3 template (3). The basic N-terminal sequence of 25 amino acids is essential for binding of CP to the 3Ј end of RNA 3 (8) , and removal of this sequence interfered with stimulation of RNA 4 synthesis in vitro (2) . Possibly, RNA 4 synthesis occurs on a double-stranded replicative intermediate consisting of fulllength plus-and minus-strand RNA 3 molecules according to models 2 and 3 proposed by Buck (1a) . In this view, binding of CP to the 3Ј end of RNA 3 could be required for recruitment of CP by the replicase complex (3) or for the formation of a bridge by a CP dimer between the 3Ј end of RNA 3 and an as yet unidentified binding site for CP at or near the subgenomic promoter sequence in either strand of the replicative intermediate (35) . Finally, the phenotype of the class 3 mutants could be mediated by an altered interaction of the RNAs with host proteins. Specific binding of host proteins to terminal RNA sequences in the alpha-like supergroup of viruses has been reported for BMV (6, 23) , cucumber mosaic virus (7), tobacco mosaic virus (7), Sindbis virus (20, 21) , and rubella virus (16, 17) . Yeast cells have been shown to support BMV RNA replication, and a genetic screening of yeast mutants provided evidence for a host protein required for BMV RNA 4 synthesis but not for RNA 3 synthesis (1). Possibly, binding of CP to the 3Ј end of AMV RNAs could play a role in the recruitment of such a host factor. Insight into these possibilities has to await a further characterization of AMV replication complexes.
